Laser ablation of silicon is investigated with a large set of laser parameters to determine the ablation rate over five laser fluence decades. A thermodynamic model approach for the ablation of silicon has been derived. This simplified model determines the achievable ablation depth per pulse as a function of the applied laser fluence ranging from femtosecond to microsecond laser pulse duration. Furthermore different laser wavelengths from near-infrared to ultra-violet are investigated to determine the dependence on the optical penetration depth and on the ablation efficiency. The measured ablation depth per pulse is in agreement to the models predictions with the restrictions made.
Introduction
Laser ablation of silicon, either mono-or polycrystalline silicon has been already studied, exemplary by Chichkov et al., 1996 , Coyne et al., 2003 , Haupt et al., 2009 , and Engelhart, 2007 in terms of ablation depth per pulse as a function of laser fluence. These studies focus on a certain laser system, to a specific pulse duration or to a specific laser wavelength. Further, laser processing has been investigated due to different applications, e.g. drilling and structuring, or thin layer ablation. Preferably larger pulse durations (t p ~ ns -μs) and pulse energies (E p = μJ -mJ) are used by Karnakis, 2005 for laser drilling of thick silicon wafers. Grooves for structuring are induced by Haupt et al., 2009 with smaller pulse durations (t p = ps-ns) and accordingly smaller pulse energies (E p ~ μJ). Thin layers are removed on top of silicon by a lift-off process. Therefore even smaller pulse durations and energies are used by Schoonderbeek et al., 2010 and Hermann et al., 2008 to ablate very small volumes of silicon beneath the thin layer. However, the material removal is induced by ablating a volume fraction of silicon. Therefore a specific thermodynamic enthalpy is required to describe the material removal.
In this work a simple energy balance approach is used to merge and quantify the laser ablation of silicon over five fluence decades. This description results from a thermodynamic approach of using the balance of the state variables intrinsic energy and enthalpy, but ignoring fundamental processes parameters which are not state variables, like different absorption processes particle dynamics due to enthalpy changes energy conduction in phase and through phase changes disequilibrium of electrons and phonons ...
Experimental
In this study mc-silicon is investigated for ablation. The general optical setup is equipped with a laser source and the focused laser radiation is deflected by a galvo scanner. The ablation parameters have been varied in a wide range to induce laser ablated grooves, see Tab. 1 for a set of 21 laser systems, and see Appendix A. All investigations have been made in ambient atmosphere at room temperature. In order to achieve measurable groove depths a by optical microscopy the number of pulses per point
as well as the laser fluence have been varied with the focal diameter d fok at 1/e², the repetition rate f rep , the scanning velocity v s , and the laser pulse energy E p . 
Theory
The ablation of silicon can be described by an averaged process. Using pulsed laser radiation an averaging of the single physical processes takes at large repetition rates f rep and large number of laser pulses per point N ppp place. The degree of averaging is a matter of the used material with its own thermodynamic properties and the applied laser parameters. As a first statement, even working with laser radiation inducing primary different path ways for ablation, due to the averaging and to the heat accumulation, a general, for all pulse durations valid description can be set-up simply evaluating state variables, like the thermodynamic enthalpy and intrinsic energy. Secondary aspects of ablation such as pulse duration or laser wavelength influence the ablation in detail. The ablation representing an irreversible process can be described by an energy balance equation with enthalpy H and intrinsic energy U
where the total differential of the enthalpy dH is written to dp
with the differential of intrinsic energy dU given by
Both, enthalpy H and intrinsic energy U are state variables being only dependent on the initial and the final state. Contrary, the heat Q and the work terms W and W rest are not state variables and therefore dependent on the work path. A simple equation results by neglecting all fundamental processes which correspond to p·V and W, like particle dynamics as well as the volume and pressure changes besides heat capacity and phase changing enthalpies for a specified volume V and is given by
The right hand side of Eq. 6 represents the energy density which is required for a temperature rise from T 0 to T 1 for a material with a constant density . Further a temperature dependent heat capacity c p (T) and the sum enthalpy for all taken place phase changes H V ph is used and is written to
The left hand side of Eq. 6 represents the applied heat source which is a function of laser fluence and energy penetration depth d+a p with the ablation depth per pulse a p and d as a measure of enthalpy losses due to e.g. heat conduction or plasma shielding. For square energy absorption in material, a simple equation can be evolved representing the applied laser energy per unit cube, see Fig. 1 and is given by
The ablation, respectively penetration depth per pulse a p as a function of laser parameters and the material properties (Eq. 6, 7 and 8) results in accordance to Bäuerle, 2000 to The laser ablation depth per pulse a p as a function of laser fluence is decreased by various material depended parameters. Further, it is a matter of the optical d opt as well as the thermal penetration depth d therm , but also a matter of transferred photon energy to the electron system of the bulk. These all ablation efficiency decreasing processes and parameters are summarized by the parameter d. A thermodynamic efficiency a (enthalpy change from room temperature T R = 300 K to vaporization temperature T vap = 2628 K for silicon with phase change enthalpies for melting and vaporization H V ph ) can be derived based on Eq. 6, 7 and 8 to benchmark the laser parameters for ablation, see Eq. 10. For modeling the removal of material due to laser processing occurs if at minimum one phase change, from solid to liquid, takes place. In general the phase changes are melting, vaporization, first order ionization (1 st I), and higher orders of ionization. Each phase change corresponds to a specific enthalpy and in case of melting and vaporization to a transition temperature, see Tab. 2. The required enthalpies H V achieving larger ionization degrees are determined for instantaneous ionization for temperatures above the evaporating point. In addition to the phase change enthalpies, a constant enthalpy increase is given with the heat capacity as a function of the temperature c p (T) up to the vaporization temperature T vap by Soma and Kagaya, 1988 and von Allmen, 1982, see Fig. 2 . A constant heat capacity c p = 1000 J·kg-1·K-1 is assumed from melting temperature T melt = 1683 K up to the vaporization temperature T vap = 2628 K. Fig.2 . Heat capacity as a function of temperature cp(T) for silicon by Soma and Kagaya, 1988 and von Allmen, 1982 , melt temperature Tmelt = 1683 K 
Results and Discussion
The measured ablation depth per pulse a p as a function of laser fluence (ablation rate) for the different sets of laser parameters, like pulse duration t p or laser wavelength features a linear dependence as indicated with a p . The phase change enthalpies in terms of ablation depth per pulse a p as a function of the laser fluence are determined for melting, vaporizing, ionization, and higher orders of ionization with Eq. 7 and with all losses set to d = 0, see colored lines in Fig. 3 . Fig.3 . Comparison of theoretical penetration depth per pulse and measured ablation depth per pulse; red dots correspond to ablation depths for the laser wavelength = 1064/1047/1030/1025 nm; green dots correspond to ablation depths for the laser wavelength = 532/515 nm; blue dots correspond to ablation depths for the laser wavelength = 355/193 nm; colored lines represent the penetration depths beginning with blue for melting, red for vaporization and black, grey, and light-grey represent the three presented ionization degrees; laser pulse durations range from tp = 320 fs to tp = 1.6 μs; material properties of silicon taken from David, 2010 , Soma and Kagaya, 1988 , von Allmen, 1982 , and Green and Keevers, 1995 ; additional data for the ablation depth per pulse for silicon taken from Karnakis, 2005; all . In the most cases larger enthalpies are required to remove the material by laser radiation due to energy losses, like heat conduction, different absorption mechanisms in the material and particle kinetics in the plasma plume. The comparison of the measured and the models predicted ablation rate, respectively the ablation efficiency a summarizes all physical processes which reduce or subduct the energy input into or out of the absorption volume during laser processing. In result, an effective thermodynamic ablation is characterized by e.g. a large vapor pressure which effectively removes the melt out of the ablation groove or by a coulomb explosion of ionized atoms in the bulk (exemplary results in Fig. 4 and 5) .
The ablation rate can be classified with respect to the optical penetration depth at T = 300 K and with the restriction d opt > d therm into three domains, see exemplary for = 515/532 nm Tab. 3. Table 3 . Domain specification as a function of the laser fluence for silicon, laser wavelength = 515/532 nm, dopt = 0.9-2 μm
D1 is characterized by a larger optical penetration depth d opt in comparison to the ablated depth per pulse a p , see Fig. 4 . Fig.4 . Ablation depths per pulse as a function of the laser fluence; red dots correspond to laser wavelengths = 1064/1047/1030/1025 nm, blue-red bar corresponds to the dopt at T = 300 K and at the mentioned wavelength spectrum, Green and Keevers, 1995; red line corresponds to the penetration depth per pulse at vaporizing temperature according to Eq. 9 at d = 0; additional data for the ablation depth per pulse for silicon taken from ; investigated pulse durations 320 fs tp In D2 d opt and a p are more or less equal and in D3 the ablation depth per pulse a p exceeds the optical penetration depth d opt . The ablation efficiency a decreases in D2 and D3 with increasing laser fluence while in D1 the ablation efficiency can achieve almost values of a 100 %. The reduced ablation efficiency a in D2 and D3 is due to the reduced energy transport beyond the optical penetration depth d opt by the thermal conductivity T in terms of the thermal penetration depth d therm of the material at elevated temperatures. In this cases the restriction d opt > d therm is not true and it results in a large thermal overheating of phonons at small optical or thermal penetration depths. This yields a small ablation efficiency (exemplary results in Fig. 5 D2 and D3 and Fig. 6 D3) . Therefore, the definition of the domains has to be extended by the thermal penetration depth d therm . Exemplary processing with UV-laser radiation at a laser fluency range of = 8-35 J/cm² and at the pulse duration t p = 20 ns yield a thermal penetration depth d therm 2 μm which is much larger than the optical penetration depth of d opt =5-10 nm, Green and Keevers, 1995 . However, the ablation efficiency a is also reduced by other laser processing parameters, e.g. N ppp at a distinct t p which results in an enhanced heat load to the material. = 532/515 nm, blue-red bar corresponds to the dopt at T = 300 K and at a mentioned wavelength spectrum, Green and Keevers, 1995 ; red line corresponds to the penetration depth per pulse at vaporizing temperature according to Eq. 9 at d = 0; additional data for the ablation depth per pulse for silicon taken from Ostendorf et al., 2008 Fig.6 . A = 355/193 nm, blue-red bar corresponds to the dopt at T = 300 K and at a mentioned wavelength spectrum, Green and Keevers, 1995 ; red line corresponds to the penetration depth per pulse at vaporizing temperature according to Eq. 9 at d = 0; additional data for the ablation depth per pulse for silicon taken from Karnakis, 2005 
Summary and Outlook
The ablation of silicon has been described as a function of its thermodynamic material properties and laser parameters. A set of 21 laser systems at miscellaneous parameters, e.g. pulse duration variation from t p = 320 fs to t p = 1.6 μs and laser fluence variation from = 0.03 J/cm² to = 1550 J/cm² have been evaluated for laser ablation of silicon in terms of ablation depth per pulse a p and the applied laser fluence . Considerable ablation of material starts at the evaporation temperature of T vap = 2628 K at enthalpies larger than H V ,vap 41.1 GJ/m 3 . The developed simplified energy balance approach describes well both ultra-short as well as short pulsed laser ablation of silicon. The determined enthalpy for ablation with different laser parameters is larger compared to models prediction due to a variety of laser induced processes, e.g. plasma shielding or heat conduction and summarized by the ablation efficiency a and characterized with 3 ablation domains. In D1 large ablation efficiencies are achievable due to the larger initial optical penetration depth d opt at T = 300 K in comparison to the ablation depth per pulse a p . A reduced ablation efficiency a has been observed if the ablation depth per pulse a p is in the same range or larger than the optical penetration depth d opt . In conclusion the theoretical ablation depth per pulse a p is determined by the thermodynamic parameters heat capacity c p and the sublimation enthalpy for melting and vaporization of the used material. The experimental determined ablation depth per pulse a p is smaller in comparison to the theoretical a p due to other material and laser processing parameters. Further investigations have to be made in the theoretical evaluation of each determined ablation curve. This has to include the comparison of the two-temperature model and the developed solution in this work in terms of the ablation depth per pulse a p as a function of the laser fluence . The ablation efficiency a has to be precised by incorporation of the neglected physical processes described in the introduction. These investigations can be easily extended to different materials to verify the ansatz of the developed solution.
